For solid round rotor body synchronous machines saturation effects are significant in both d-and q-axis, and because of this non linearity, the d-and q-axis ma maaxis ma and q-axis maaxis maa-and q-axis magnetizing reactances are depressed to a considerable degree from their unsaturated values under both steady-state and transient operations. In this type of synchronous machine q-axis saturates appreciably more than that of the d-axis because of the presence of the rotor teeth in the magnetic path of the q-axis. This paper first presents a new method to calculate the q-axis saturation characteristic from the existing d-axis saturation characteristic. Next the effects of considering a separate q-axis saturation characteristic on the power system steady-state and transient stability have been presented.
INTRODUCTION
Effect of machine saturation is considered to be very important on the power system steady-state and transient performances when it is required to calculate the power system stability characteristics accurately. For stability studies, saturation should be considered, because it determines the generator initial condi tions, such as rotor angle, field current, rotor circuit flux linka ges, etc. The trend in the past was to ignore cross-saturation and account for the saturation at first in the d-axis only [1] , and then both in the d-and q-axis [2-6]. The existence of the crossmagnetizing phenomena (magnetic coupling between the d-and q-axis) is noticeably large and tends to decrease the magnetic flux in both the axes [7] [8] [9] . For round rotor body synchronous machines experience has shown that the q-axis saturates appreciably more than that of the d-axis because of the presence of the rotor teeth in the magnetic path of the q-axis. Power system analyst has come to understand the importance of synchronous machine saturation in large-scale system studies and have been seeking suitable analytical methods. So the main concern is to devise a simple model to calculate d-and q-axis saturation characteristics which is very efficient in computing time, bearing in mind that a power system involving many synchronous machines is likely to be studied. The direct axis saturation characteristic can easily be determined from the machine's open-circuit characteristic. The main problem is to calculate a saturation characteristic of the quadrature axis. In the second section, we have presented a new method to calculate q-axis saturation characteristic from the d-axis characteristic. In the third and forth sections of this paper the power system steady-state and transient stability characteristics have been calculated for the following four different saturation cases.
Case 1: Unsaturated condition. Case 2: Use of d-axis saturation characteristic also for q-axis. Case 3: Use of different d-and q-axis saturation characteristics. Case 4: Use of d-axis and calculated q-axis saturation c haracteristics. In the third section of this paper, the power system steady-state stability limits have been calculated for four different cases of saturation for a linearized power system model described in [10] . 
The resultant flux wave as a function of ƒAEwill contain harmo- equation (11) we can determine the unsaturated q-axis (air-gap line) characteristic.
The constant k (from eqn.9) can, in turn, be used to calculate q-axis flux component at various operating points. Constants Po and P2 can be determined from the unsaturated values of the Band q-axis magnetizing reactances. Using equation (10)and(12), the d-and q-axis unsaturated magnetizing reactances can be expressed as Xmdu = Ad/AT = (PO + P2/2) (13)
Solving equations (13) and (14), we get P0 = (Xmdu +Xmqu) /2 (15)
The saturation characteristic for the quadrature axis can now be determined from equation (11).
Comparison with the Existing Nanticoke Generator q-axis Saturation Characteristic:
Nanticoke generator detailed model parameters (OLFR3.3 data, page.5-5 [5], and [11]) have been used throughout this paper for numerical analysis. Nanticoke generator is a 500 MVA, cylindrical rotor steam-turbine generator. This generator which is owned by Ontario Hydro of Canada has been studied extensively and a great deal of information is available about the machine. Accurate saturation data was obtained for both the direct and quadrature axes from steady-state readings of various generator variables over a broad range of loads [5] . Xmdu,Xmqu are 2.152 and 2.057 pu respectively and Ado is 0.6 pu. For q-axis, it can be said that all the flux will pass through the teeth, as a result, the tooth flux density is almost twice for that of the d-axis. Therefore, for the same air-gap flux density, q-axis will start to saturate at half the flux for that of the d-axis, thus giving Aqo = 0.3 pu. The threshold value of the q-axis ampere-turn needed at which saturation commences, to produce Aqo, can be calculated from equation (12). The saturation functions for Nanticoke generator described in reference [11] have been used in this paper and are reproduced here for convenience. Equation (11) is nonlinear in nature and it will be an iterative process to find a solution for Ag. The calculated q-axis saturation characteristic is plotted in Fig. 2 along with the existing d-and q-axis saturation characteristics. Comparison can be made of the calculated q-axis saturation characteristic with that of the existed one for the Nanticoke generator and the results are in a very good agreement. The saturated magnetizing reactances and the difference between the calculated (from eqn.11) and existing q-axis magnetizing reactances are plotted in Fig. 3 . . Saturation has a big influence on the power system steady-state stability. A synchronous machine steady-state model [10] in which individual d-and q-axis saturation as well as cross magnetizing saturation have been taken into account has been used to predict the influence of saturation on the power system steady state stability limit for the above mentioned four cases. Fig. 4 shows a simple system in which the power P is being transmitted over two parallel lines from the generator to a large system. The generator node is a PV node and the infinite bus voltage has been assumed to be the reference bus voltage. The system parameters are presented in Table 1 . All the values are in per unit system. Nanticoke generator detailed model parameters have been used for numerical analysis [5] and are presented in Table 2 . The on-line frequency response (OLFR) tests yielded sufficiently accurately model parameters. Generator models with three rotor circuits per axis and rotor circuit mutual leakage reactances have been successfully incorporated in both the Ontario 
Power
System Model for Steady State Stability Study For fossil-fuel or nuclear generating units (both have steamturbine systems) which have rotors of cylindrical type, an IEEE 3.3 model is recommended [6] and saturation is assumed to occur in both the d and q axes. An IEEE3.3 model has two damper circuits and a field circuit in the d-axis and three damper circuits in the q-axis. In our analysis we have used an IEEE3.3 model and we will calculate several stability characteristics using the existing and calculated saturation curves. The related synchronous machine equations have been used to derive a linearized synchronous machine model. This machine model is then connected to a large system (i.e. infinite bus) through the network node equation to develop a saturated system state matrix. This system state matrix can then be used to calculate several stability characteristics for different saturation cases.
Numerical Analysis

STABILITY
Synchronous machine saturates extremely under normal operating conditions. In most of the mathematical analysis published hitherto, it has been assumed for convenience that even after the machine saturates, the leakage flux will not change significantly, i.e. the leakage flux will remain approximately linear functions of their respective currents. Usually saturation, in the past, was treated by ignoring the cross saturation and accounting saturation only in the d-and q-axis. Now a days saturation analysis includes cross magnetizing phenomena in modeling the nonlinear 
Numerical Analysis
A transient stability simulation to predict the effect of q-axis saturation has been performed on a model system shown in Fig.  4 . Generator model parameters are presented in Table 2 . We have used 0.00169 pu and 3.5 sec. for ra and H respectively [11] . A three phase short circuit at the sending end of line 2 has been si mulated. The fault occurs at t=0.0833 sec. (5cycles), then disconnecting the line at t=(0.0833+FCT) sec. (where FCT is the fault clearing time) and finally reclosing it at t=1.0 sec. (for a 60 Hertz system). For numerical integration, 4th order Runge-Kutta method has been used and the time step for simulation is 1/600 sec. The flowchart in Fig. 5 describes the structure of the transient stability program. First the initial values of each state variables have been calculated, however, this is a repeated process because the q-axis synchronous reactance depends on saturation. Thus initial values have been calculated for four different cases. Then we can determine the power system transient stability characteristics as described in the flowchart for the four cases. The results have been plotted in Fig.6 to Fig.10 . In Fig.6 , the effect of satu ration in the two orthogonal axes on the load angle responses has been presented for the four cases. If we consider separate satura tion characteristics for d and q axes (considering q-axis saturates appreciably more than that of d-axis, case 3) then the transient stability is enhanced. If we use equation (11) instead of Nanticoke q-axis curve (case 4) then we get almost the same results as those for case 3. Fig.7 to 10 show the effect of saturation on power system critical clearing time (CCT). It has been shown that the transient stability condition is highly influenced by fault clearing time (FCT). FCT for marginally stable case represents critical clearing time (CCT). The CCT becomes higher if we consider saturation as can be seen from Fig.7 through 10 . For two different saturation characteristics in the d and q axes CCT becomes larger, and thus, validates the importance of modeling a different quadrature axis saturation characteristic. CCT is 0.14833 sec. for both Nanticoke q-axis saturation characteristic and calculated q-axis characteristic as shown in Fig.9 and 10 . Therefore, it can be concluded that a separate q-axis saturation characteristic (consider ation of higher q-axis saturation) should be used to predict correctly synchronous machine transient stability phenomena and q-axis saturation characteristic can he evaluated accurately by the proposed method. 
CONCLUSION
The effect of saturation on the synchronous machine steadystate and transient performance has been an important factor in machine and power system stability analyses. In this paper a new method to calculate q-axis saturation characteristic from the daxis saturation characteristic has been presented first. Comparison has been made between the calculated q-axis saturation characteristic with that of the existing one for the Nanticoke generator and the results are in a very good agreement. The effect of considering a separate q-axis saturation characteristic (other than the d-axis characteristic) on the synchronous machine steady-state and transient stability phenomena has been demonstrated. The steady-state stability limit becomes lower as we consider saturation and the steady-state stability limits are almost same for case 3 and case 4. The system transient stability condition is enhanced if we consider separate saturation characteristics for the d and q axes rather than considering d-axis saturation characteristic for both d and q axes. The steady-state stability limit and critical clearing time can be calculated accurately by using the q-axis saturation characteristic of the proposed method.
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